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Traumaticinjury tothecentral nervous system 
(CNS) inevitably results in a loss of neurons that is 
substantially greater than might be expected from 
the severity of the injury 1 . This is because the insult 
triggers a cascade of events, starting with 
degeneration of thedirectly affected neurons and 



theconsequent creation of at oxicextracellular 
micro-environment around the damaged nerve, 
leading totheeventua! (secondary) degeneration of 
neuronsthat escaped the initial injury 2 " 4 . This 
sequence of events can explain the progressive loss of 
neurons seen after CNS trauma, as well as in chronic 
degenerativediseases after the primary risk factors 
are removed (for example, after alleviation of high 
intra-ocular pressurein glaucoma) 5 . Recognition 
that secondary degeneration isa featureof both 
acut e and ch r on i cdegener at ive disorders has directed 
thefocus of research in neurotrauma toward seeking 
ways to ar rest t he spread of dam age, wi t h t he du al 
aim of preserving at least some fund ion and 
promoting repair. 

I n the search for ways tost op t he spread of damage, 
several approaches have been adopted. One common 
approach seekstoneutralizethemediatorsof toxicity 
or interferewith their action 6 -* Another is based on 
at t em pt s t o i ncrease t he resi st an ce of spar ed n eu r on s 
tothetoxidty of their environment 9 - 10 . Research from 
our laboratory has taken a different approach. We 
seek toidentify physiological mechanisms of self 
repair and find waystosimulateor boost them 11 . 
Recently we discovered that compounds emerging 
from damaged nerves alert theadaptivetmmune t 
system, evoking a protective autoimmune response. 
In our view, becausethisresponsetotrauma is 
physiological in character, boosting it is likely to 
exploit thebody'sown mechanisms of healing, and 
thus provide the most natural, comprehensive, and 
effective form of protection. 

Protective autoimmunity: a physiological response 
It is generally accepted that in all systems of the 
body, invasion by pathogens triggers the protect ive 
and defensive fund ions of the immune system. The 
immune ad ivity operates by creating memory T cells 
that might be cytotoxicto the pathogen or might 
adivateeffedor cells (macrophages or B cells). In the 
CNS, however, because of its status as a site of 
'immune privilege' (where immune ad ivity is 
thought tobeminimal) 12 , invasion by pathogens 
occurs to a very limited extent, if at all. The 
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traditional view, therefore, is that theCNS, having 
little or no need for an adaptive immune response 
against pathogens, ispoorly equipped for it. 
Likewise, with regard totrauma in theCNS, or any 
CNS degenerative conditions not involving 
pathogens, thegenerai belief wasthat thereisno 
need for adaptive immune activity, and indeed that 
any immune activity is bad, rather than good, for the 
affected individual 13 - 14 . 

Our studies showed that systemic inject ion of 
T cells directed against CNS my el in-associated 
proteins such as myelin basicprotein (MBP) resulted 
in an increasein thenumberof accumulatingT cells, 
and -in apparent correlation -an improvement in 
the rate of neuronal survival after traumaticCNS 
injury. Interestingly, systemic inject ion of T cells 
directed against a non-self protein such as ovalbumin 
resulted in asimilar increasein thenumber of 
accumulatingT eel Is with no neuroprotective 
effect 15 " 17 . Theobserved ability of the autoimmune 
T cellstoreducethepost-traumaticneuronal loss was 
confirmed both morphologically and functionally 
using two different models of axon al trauma in 
rodents-theopticnerveand thespinal cord 18-21 . 
A beneficial effect was also observed using T cells 
directed against apeptidethat isderivedfrom MBP, 
but is not pathogenic, or a synthetic polymer that 
cross-reads with a self protein, suggesting that the 
neuroprotective autoimmune responsedoes not have 
t o be pat h ogen i c t o be effect i ve 1 522 . 

Studies in our laboratory showed that protective 
autoimmunity is a physiological responsetoCNS 
injury, and that in ratsor mice devoid of mature 
T cells (owing to either neonatal thymectomy or 
transgenicmodification)therateof neuronal 
survival after crush injury of theopticnerveis 
significantly lower than in normal animals 23 . 
Further studies showed that thesurvivaf rateof 
retinal ganglion cells (RGCs) after opticnerve 
trauma is increased in rats over expressing aT-cell 
receptor for MBP. These findings led to the 
suggestion that trauma in theCNS evokes a 
self-protect i ve T-cel I -m edi at ed aut oi mm u n e r espon se 
that is presumably designed to counteract the 
damage, and without which the loss is more severe 24 . 
This suggestion isin agreement with the recently 
reported finding that recovery of motor neurons after 
facial nerve injury is worse in mice devoid of 
functioningT and B cells 25 ' 26 . 

The possible existence of a physiological beneficial 
autoimmunity evoked by aCNS insult raisesmore 
questions. I sthis autoimmunity present in every 
individual and under all circumstances? If not, what 
controlsit? 

Inverse relationship between the ability to exhibit 
protective autoimmunity and thesusceptibility to 
autoimmune disease development 
We examined the recovery from opticnerveinjury in 
several strains of rats and micediffering in i their 



susceptibility tot he development of experimental 
autoimmuneencephatomyelitis(EAE) 27 - 2B -a 
CN S-associ at ed aut oi m m une d i sease t h at 
resembles multiple sclerosis in humans. Animals 
susceptibletothe development of EAE were found to 
have only a limited ability to manifest a spontaneous 
protective autoimmune responsetoCNS insult, and ^ 
their rateof post-injury neuronal survival was 
therefore lower than in EAE resistant animals 23 . 
Animalsof a particular strain aredefined here as 
'resist ant' to autoimmunediseasedevelopment if 
they do not develop a disease upon active 
immunization with any of themyelin-associated 
self-proteins, and 'susceptible* if they develop the 
diseaseupon experimental challengewith at least 
onesuch protein. Using rodentsthat had undergone 
thymectomy at birth and consequently weredevoid of 
matureT cells, weshowed that therecovery from 
opticnerveinjury was not better intheEAE-resistant 
strains, suggesting that recovery is limited totheir 
ability tosustain a beneficial T-cel I -dependent 
au t oi m m u n e r espon se. I n E A E -su scept i bl e r od en t s 
devoid of T cells, recovery after a CNS insult was not 
worsethan in the susceptible normal animals. These 
findings suggest that all individuals arecapableof 
experiencing an anti-self response totrauma, and 
that this response, when suitably controlled, is 
beneficial. Our subsequent studies suggest that 
protective autoimmunity requirestheparticipation of 
both anti-MBPT cells and some regulatory T cells. 
The presence of the first without thesecond might 
lead tolack of protection and even todestruction. 
Thus, in adult Lewis ratsthat weresubjected to 
thymectomy at birth (and are therefore devoid of 
endogenousT cells, in particular regulatory 
T eel I s 29 " 31 ), passi ve t r an sf er of an t i -M B P T eel I s af t er 
opt i c ner ve i nj u ry st i 1 1 leads toEAE devel opment but 
-unlikein rats with a normal thymus- not to 
protection of thedamaged opticnerve (Kipn is, J. et al., 
u n p u bl i shed). Th e i n j ect ed au t oi m m u n e CD + T eel I s 
can activate other effect or cells such as other CD4 + , 
CD8 + , M and B cells(Fig.l). It isunlikely that the 
injected T cells interact directly with thedamaged 
tissue, as antigen recognition by these eel Is requires 
itspresentationin thecontext of MHC class 1 1 .They 
might, however, activateother invading or locally 
activated immune cells, someof which might in turn 
interact directly with thedamaged neurons and thus 
helpdeterminetheir fate. The failure of MBP-readive 
CD4 Tee! Is to elicit a neuropr ot edi ve response to 
opticnerveinjury when injeded intothymedomized 
rats strongly supports the hypothesis that these 
autoimmuneT cells, though essential for 
neuroprotedion, are not suffident, andtfiat the 
presence of endogenous regulatory T cells is also 
required. This hypothesis might explain theobserved 
correlation between benefirial autoimmunity and the 
lack of susceptibility toEAE, as it is likely that the 
better outcome of CNS injury and the prevent ion of 
disease development are governed by the same 
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Fig. 1. Scheme depicting the events leading to protective 
autoimmunity. Protective autoimmunity is a multicellular and 
multifactorial process, involving recruitment of macrophages and 
activation of microglia, recruitment of T cells directed against 
my el in-associated proteins and peptides, and recruitment of CD4 
and CDS regulatory T cells. Malfunctioning of any step along this 
cascade leads to failure of protection and consequent progression of 
degeneration, (a) CNS axonal injury; (b) Stress signals from the 
damaged CNS tissue activate resident microglia, and recruit and 
activate blood derived macrophages as welt asCD4 T cells directed 
against myelin proteins. A multi -cellular di alogue leads to 
neuroprotection; (c) In the absence of the regulatory response, 
self-destructive processes are not prevented and neurons continue 
to die as a consequence of secondary degeneration; (c ) In the 
absence of additional T cells recruited from the periphery, there is 
no neuroprotection and the tissue degenerates; (c ) The process 
of secondary degeneration progresses: (d) Interaction between 
C04 T cells reactive to myelin proteins and the activated 
microglia/macrophages triggers further signals, resulting in 
recruitment of additional T cells (CD8 T cells specific to myelin 
proteins and CD4 -CDS T cells with regulatory phenotypes) and 
macrophages to the protective network; (d ) Microg It ^macrophages 
via their dialogue with CD4 T cells, on one hand, and with regulatory 
CD4 T cells, on the other, are protective. The immune response is 
terminated by COB anti-idiotypicT cells; (d ) The process of 
secondary degeneration is attenuated. 



regulatory machinery. It is thus possible that in 
E A E-suscepti blest rains, unlike in resistant 
strains, the timing of onset of theanti-MBPT-cell 
responsein relation totheactivity of regulatory 
T eel Is does not correspond with the post -traumatic 
t her apeu t i c w i n dow. 

As discussed above, it is possible that the 
autoimmune response evoked by passive transfer or 
active immunization with myelin -associated 
antigens requires the participation of multiplecell 
types, including anti-MBPT cells and CD4 
regulatory cells. It is also possible that thesame 
T-cell population displays different activities 
depending on the tissue context, and that in the 
presence of damaged neuronal tissue (as in thecase 
of the Lewis rats described above) such T cells might 
exert neuroprotection. This latter possibility obtains 
somesupport from the recent findingthat neurons 
can derivebenefit from protective substances 
originating in T cells, even if theT cellsare 
en ceph a I i t ogen i c 32 * 34 . 
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Table 1. Beneficial adaptive immune responses: when the response is 
beneficial, its absence is harmful 



Stress signal 


Normal response 


Defective response 


infectious agent, infection 


Protective immunity 


Recurrence 


Tumor 


Tumor immunity 


Cancer 


Injurious conditions: trauma, 


Neuroprotective 


Accelerated neuronal 


degenerative disorders 


autoimmunity 


degeneration and 


(oxidative stress, free radicals. 




predisposition to 


increased excitatory amino 




autoimmune disease 


acids, etc.) 







It should be noted that thesametypeof correlation 
between resistance to autoimmune disease and the 
ability to sustain a beneficial T-cel I -dependent 
responsetotrauma was observed when theCNS 
insult was biochemical rather than mechanical. 
Thus, RGC survival in rats or mice after intravitreal 
injection of glut amate was correlated with 
susceptibility to autoimmune disease 

Protective autoimmunity as a mechanism for 
homeostasis in the CNS 

Taken together, our findingsin connection with 
neuroprotective autoimmunity appear toascribea 
hitherto unrecognized function to the immune 
system. Up until now theadaptiveimmuneresponse 
has been viewed as a defensive mechanism that 
evolved to provide a versatile backup when the 
innateimmuneresponse (involving macrophages) is 
unequal tothetask. In this capacity, several 
activities have been attributed to it, and any 
malfunctioning of this adaptive response was 
assumed to be harmful for the individual 35 . Our 
studies provide evidence that stressful conditions, at 
least in the CNS, caused by a pathological increase in 
potentially toxic compounds (e.g. glutamate), might 
provetoo overwhelming for the nervous system to 
cope, andthusalert theadaptiveimmunesystem 
(expressed here by t he response to sel f-ant igens) t o 
provide neuroprotective immunity. In other words, 
autoimmune neuroprotection can be viewed as a 
mechanism for recruitment of a second line of 
protective activity when the local control mechanism 
is insufficient for thepurpose. An inadequate 
autoimmuneresponsewill lead, on theonehand, toa 
lack of beneficial autoimmunity and hence 
accelerated degeneration, and on the other hand to 
destructive autoimmunity and hencea 
predisposition to autoimmune disease (Table 1). This 
pattern of immuneinadequacy can be com pared to 
the breakdown of thenormal protective immune 
responsein the face of an overwhelming infective 
process, resulting in recurrence of theinfedion. It 
can alsobelikened toa fail u re of the protective 
immune response against tumors, leading tocancer. 
Our finding of a physiological protective 
autoimmunity raises somefundamental questionsin 
connection with thedonal deletion theory Is 
beneficial autoimmunity a reflection of the positive 
selection of T cells to certain self proteins 36 ?! f so, 



autoimmune response would be expected tooccur in 
all strains and individualsindudingthosethat are 
resistant to autoimmune diseases and not only in 
thosethat are susceptible. The main factor 
determining whether or not an individual will derive 
thebenefit of protectiveautoimmunity without 
concomitant risk of autoimmunediseasewould then 
be the effectiveness of control by regulatory T cells. 

Autoimmunity, traditionally always associated 
with autoimmune disease, has been attributed to 
auto-ant igen-specificT cellsthat failed toundergoa 
process of negative selection. Studies in the 1990s 
reported intrathymicexpression of several genes, 
indudingthegeneenccdingMBP, related to different 
or ga n -sped f i c 'au t oi m m u n e d i seases' 37 * 38 . Th ese 
findings implied theexistenceof intrathymic 
mechanisms for dona! deletion of MBP-spedfic 
T cells, and autoimmune diseases were therefore * 
assumed to result from an escape of aut oread ive 
T cellsfrom theprocessof negative sel ed ion. 
Subsequently, however, autoreadiveT cells 
(in particular thosedi reded against CNS antigens) 
werefound in the blood of healthy individuals as well 
as of patients with multipfesderosis, with noevidence 
toindicatethat their numbers are higher in the 
latter 39 - 40 . The explanation offered wasthat these 
T cells are adivated in some individuals 
(thus mediating thedisease) but not in others. 

We suggest that the presence, observed even in 
healthy individuals, of T cells direded against CNS 
myelin-assodated proteins ref led snot an escape of 
negative sel ed ion but rather a posit ive sel ed ion of 
T cells. A recently proposed additional fundion of 
the thymus is the peripheral regulation of 
au t oi m m u ne T cell s 29 * 40 . Accordi n gl y, we pr opose t h e 
following cascade of events: CNS trauma triggersan 
immune response in the form of T cells direded 
against myelin proteins. The autoimmuneT cells 
areattraded to the site of injury, where they 
ad ivate macrophages as a first step in a multi-step 
benefidal process. If the necessary regulatory 
machinery is operational, the process is completed 
and undamaged neurons survive. If, however, the 
regulatory mechanismsaremalfundioning, or the 
recruitment and adivation of thevarious cells occur 
in a non-optimal time sequence, the process cannot 
proceed and neuronal degeneration continues 
(Fig. 1). 

This proposed scenario raises questions about the 
etiology of aut oi mm une disease. Doautoimmune 
diseases, at least in theCNS, havea non- 
autoimmuneetiology?lf so, dothey originatein local 
CNS damage of exogenous or endogenous origin, for 
which autoimmune assistance is recruited but is not 
effedivein those individualswhodo not possess all 
of the physiological machinery for autoimmune 
neuroprotection?! ft he latter suggestion is cor red, 
it might be appropriate to view autoimmune 
diseases astheresult of malfundioning 
autoimmunity. This view would appear to be in 
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agreement with the finding that in a model of 
multiple sclerosis mediated by Theiler's murine 
encephalomyelitis virus (TMEV), accumulation of 
T celts in plaques protects neurons from 
demyeli nation. Depletion of these T cell subsets in. 
resistant miceresultsin induction of demyeli nation 
and persistence of the virus 42 - 43 . 

This proposed explanation raises a new question. 
Dothesefindingsrun counter todarwinian 
evolution?Accordingtothat theory, a destructive 
feature, even if it has a beneficial side effect, would 
not be preserved, but would be transformed 
through natural selection into a beneficial feature 
and the dest ruct i ve component wou I d di sappear ; 
alternatively, thefeaturewould disappear 
altogether. We suggest, however, that destructive 
autoimmunity can be accommodated by evolutionary 
dogma mutated 'beneficial autoimmunity'. 

T-cell-based therapeutic vaccination 
The above observations led t of urt her questions. 
Might vaccination after CNS injury beaway to 
protect individuals from the devastating effects of 
secondary degener at i on ? I f so, wou I d vacci n at i on be 
beneficial for all individuals, including those who 
enjoy endogenous beneficial autoimmunity 
(manifested, for example, by resistance to 
autoimmune disease)? In our early studies of the role 
of autoimmuneT oells in recovery after CNS trauma, 
T cells directed against M BP were passively 
transferred intoLewisrats-strain susceptibleto 
EAE. As mentioned above, neuroprotection was 
demonstrated in these rats after optic nerve crush or 
spinal cord contusion, despite the development of 
transient EAE(Refs17,19). It should be noted that 

(1) no recovery was obtained when spinally contused 
ratsweresystemically injected with anti-MBP 
antibodies rather than with anti-M BP T cells, or 

(2) when ant i-M BP T cells were transferred to rats 
with completely transected rather than partially 
injured spinal cords 19 . These findings indicate (1) that 
protective autoimmunity isderived from T cells, not 
from antibodies, and (2) that it is not an effective 
means of promoting regenerative growth (though we 
cannot ruleout the possibility that recovery as a 
result of such protection in dudes some sprouting 
from the rescued tissue). 

It is well -accepted that preventive vaccination 
places the immune system on call for action, thus 
shortening the lag period between invasion of a 
particular microorganism and recruitment of the 
specificimmune cells needed to fight it. Vaccination 
is not a preventive measure, in the sense that it does 
not stop the microorganism from invading, but it 
endowstheindividual with protection by making it 
possible for the immune system to cope with the 
consequences of the invasion promptly and 
appropriately. 

An analogous situation ariseswhen the insult is 
caused by non-invaders. Just as conventional 



preventive vacci nation scan not repel 
microorganisms or alter theenvironment which they 
inhabit, there is novacctnation that will prevent a 
motor accident or a head trauma -yet here too, 
therapeuticvaccination might ensure speedy 
recruitment of the immune system by preparing it to 
protect theindividual from the pathological 
consequences of the trauma. Both types of 
vaccination are based on eliciting a response by the 
immune system to the offending stimulus or antigen. 
When the vacci nation is designed to protect thebody 
from invaders, the antigen targeted by the immune 
responseis the invading microorganism itself. 
When the vacci nation isdesigned toprotect the 
individual from in suit -induced endogenous toxicity, 
theantigen is a self protein and the reaction elicited 
is therefore an autoimmune response. We can 
therefore view the immune system in general as the 
body's col I ect i ve m ech an i sm of defense agat n st 
foreign antigens, and autoimmunity as thebody's 
defense mechanism against specific self antigens. 
Thequestion is: how can an autoimmune response be 
boosted safely?l s thereaway to immunize with self 
antigens without therisk of introducing an 
autoimmune disease? 

Vaccination with 'safe' antigens 
Non-encephalitogenic an tigens 
In view of the versatility of human major 
histocompatibility com pi ex (MHC), 13 it possibleto 
select a 'safe' (non-pathogenic) antigen for therapeutic 
neuroprotection in human pat ients?One approach is 
tousea non-enceph autogenic epitope. Such epitopes 
exist in any self-antigen. However, becausethe 
en ceph autogenic property is a function of thespecific 
presentation of the epitope by the antigen-presenting 
cells, which is genetically determined by the 
individual'sMHC, an epitopethat iscrypticin one 
individual will not necessarily becrypticin another. 
An alternative approach, analogous to conventional 
vaccination using attenuated microorganisms, isto 
modify the pat hogenicself peptide in a way that 
renders it non-pathogenic. Another option is to select 
an antigen that can cross-react with a relevant self 
antigen but is known to be completely safe. In 
screening CNS injury-associated proteinsfor a safe 
antigen to boost the endogenous response to spinal 
cord injury, we also examined thepost-traumatic 
effect of peptides that, though originally 
encephalitogenic, were modified by the replacement 
of a single amino add in their T-cell receptor-binding 
site, a manipulation that attenuated thepathogenic 
effect 44 ^ 47 . A single vaccination with these peptides, 
immediately after spinal cord contusion in rats, 
exerted an europrot ect ive effect, manifested by 
reduction of the injury-induced paralysiswith no 
signs of autoi mm une disease (Hauber, E. et al., 
unpublished). I n patientswith multiplesderosis, 
however, the use of such peptides at high dosages 
might aggravate the disease 45 - 46 . 
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No n -self poly m ers 

Another way to vacci nate safely is to use sy nt het ic 
compounds that are non-pat hogenic and cross-react 
with myel in-associated self-antigens such asMBR 
One such compound isthesyntheticcopolyrner-1 
(Cop-l)-an FDA-approved drug used as an 
immunosuppressant in multiple sclerosis. The 
suppression of EAE and MS by Cop-1 is thought to 
be the result of Cop-1 -mediated suppression of 
pathogenicT celIs(immunesuppression) 4M9 . 
However, recent studies have suggested that the 
Cop-1 effect might be caused by immune modulation 
(by bystander suppression) rather than immune 
suppression 48 . Passive or active immunization with 
Cop-1 was shown in our laboratory to lead to 
significant protection of thevisual system from 
mechanical insultsand from glutamate toxicity 2250 . 
We suggest that T eel Is that are reactive to Cop-1 
might be activated by cross-recognition with myelin 
proteins at the siteof the injury and consequently 
act likeT cellsthat are reactiveto myelin proteins. 
Alternatively.it is possible that the observed 
survival of neurons resultsfrom Cop-1 -mediated 
modulation of the endogenous immune response. It 
should benotedthat immune neuroprotection with 
Cop-1 was achieved in both EAE-resistant and EAE- 
suscepti blest rains of mice and rats, suggesting that 
Cop-1 might both boost the beneficial endogenous 
neuroprotective response that existsin resistant 
stratnsand stimulatethis response in susceptible 
strains 22 - 50 . Studies in our laboratory have shown 
that immune neuroprotection from glutamate 
insults can be achieved by stimulating or boosting 
an endogenous beneficial autoimmune response 22 - 50 . 
Because active or passive immunization with Cop-1 



provided efficient neuroprotection in animal models 
of mechanical or biochemical insults, it might be 
possible to over come the antigen specificity barrier 
(resulting from factorsyet to be determined) by 
using Cop-1. Because immunization with Cop-1 is 
protectiveagainst glutamatetoxicity, a common 
mediator of toxicity in neurodegenerative 
disorders, it is potentially a powerful vaccination 
against degeneration induced by a wide range of 
insults in which the injury-induced toxicity is 
mediated by glutamate. 

Conclusions 

Our studies suggest that CNS insult evokes a 
protective autoimmunity, which enables the body to 
cope with the potential toxicity of self compounds 
that are common to most CNS disorders and might 
cause eel I death when their physiological levels rise. 
H owever, t he abi I i ty t o evok e a prot ect i ve 
autoimmunity is genetically controlled and is 
inversely related to susceptibility toautoimmune 
disease development. Protective autoimmunity, the 
body's own responsetoa CNS insult, requires the 
integrated operation of variousimmunecells.This 
protective mechanism is analogous tothe protective 
immunity that develops in response to stress of 
non-self origin. I n principle, boosting of theprotective 
autoimmunity by t her apeutic vaccines isneeded in . 
order to slow down or stop the progressive 
degeneration seen in neurodegenerative diseases. It 
alsoimpliesthat if an eurodegenerati ve disorder were 
diagnosed as an autoimmune disease, this would 
mean a priori that the affected individual haslittleor 
no ability to produce a beneficial autoimmune 
response. 
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